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Abstract 
Underwater manipulation continues to pose challenges 
t o  both  robotics and  computer  technologies. With recent 
advances i n  sensor and a r t i f i c i a l  i n t e l l i gence  t echno lo -  
g ies ,  " in te l l igent"  robot ics  presents  a novel  and effec- 
t ive solution to coping with problems typically encoun- 
te red  i n  underwater  manipulation  tasks. To da te ,  a 
number of manipulation systems w i t h  computer-based s e l f -  
monitoring and planning capabi l i t ies  have  been demon- 
s t r a t ed .  While the  pr incipal   contr ibut ion of these 
systems is to  replace,  augment, a i d  o r  improve operator 
performance i n  underwater tasks, overall system perfor- 
mance s t i l l  depends on the  e f fec t iveness  of the  combi- 
nation between the robotic system and the  human counter- 
par t .  To this end, an " in te l l igent"   in te r face   (12)  i s  
proposed a s  a  means t o  dynamically manage information, 
a l loca t e  t a sks ,  and actively mediate between the operator 
and the robotic manipulator i n  a  manner that optimizes 
t h e i r  j o i n t  performance. The potent ia l   eff icacy of the 
I2  i s  d i scussed  in  r e l a t ion  to  spec i f i c  a spec t s  of  remote 
supervision in underwater manipulation tasks (e.g., 
effect ive data  portrayal ,  plan communication, contingency 
handling, and task  monitoring).  An example of  a l i n k  
between AI and  a mechanical underwater manipulator i s  
shown v ia  a prototype system, Task-Oriented Supervision 
Command System (TOSC). TOSC i s  a procedural  net-based 
supervisory planning system that provides interactive 
programing of manipulation tasks i n  a high-level com- 
mand 1 anguage. A s e r i e s  of experimental studies were 
performed to  eva lua te  TOSC fea tu res  on  a remotely-con- 
t r o l l e d  six degree-of-freedom anthropomorphic manipulator 
system with an integrated control and display console. 
Laboratory evaluation of underwater manipulation and 
maintenance tasks a t  va r ious  l eve l s  of task complexity 
and manipulation  difficulty was conducted. The r e s u l t s  
showed TOSC t o  be a highly effect ive and well accepted 
a i d  t h a t  both improved performance and reduced e r ro r s ,  
espec ia l ly  in  complex manipulation tasks under uncertain 
environmental  conditions. 
Introduction 
Underwater manipulation i s  an ongoing research area 
t h a t  poses challenges to both robotics and computer tech- 
nologies. Underwater manipulation  devices have t o  per- 
form i n  unstructured, uncertain and h ighly  hos t i le  s i tu -  
a t ions  r e su l t i ng  from the poor  vis ibi l i ty ,  inaccessi-  
b i l   i t y  and unpredic tab i l i ty  o f  the underwater environmert. 
The manipulation task i n  underwater environments i s  
s ign i f i can t ly  d i f f e ren t  from t h a t  in the indus t r ia l  
environment.  In  industrial  settings  tasks  are  routine 
w i t h  well-defined  goals.   In  contrast ,  the underwater 
environment presents a s i t ua t ion  where our sparse knowl- 
edge of hazards has t o  be used to  in t roduce  safe ty  mea- 
sures  for  dea l ing  w i t h  l a rge ly  unknown contingencies. 
As a r e s u l t  , i n  present underwater remote manipulation, 
most of the control tasks are manually performed. One 
method t o  improve the slow and often error-prone perfor- 
mance of remote manipulators is  t o  augment or automate 
most of  the  operator 's   control  functions.  The cur ren t  
teleoperation approach allocates functions to a computer, 
as  wel l  as  to  the human operator. Such  an a l loca t ion  
r e t a ins  the favorable  a t t r ibutes  of  human in te l l igence  
and fo res igh t ,  and  combines these  a t t r i bu te s  w i t h  the 
obvious advantages of automatic, ccmputer-controlled 
operation. 
With recent advances in sensor and a r t i f i c i a l  i n -  
t e l l  i gence  techno1  ogi es , " i n t e l l  i gent"  robotics  presents 
a novel  and e f f ec t ive  so lu t ion  to  coping with problems 
typically encountered in underwater manipulation tasks. 
To da te ,  a number of manipulation systems w i t h  computer- 
based self-monitoring and planning capabili t ies have 
been demonstrated.  These  systems ac t   a s  autonomous 
robots that  respond effectively to their  environment in 
the course of pursuing task-related goals preprogrammed 
by the  operator .  While the  pr incipal   contr ibut ion of 
these systems i s  t o  r e p l a c e ,  augment, a i d  o r  improve 
operator performance in underwater tasks, the human 
s t i l l  plays an essential  role.  Overall  system  perfor- 
mance s t i l l  depends on the effectiveness of the  combi- 
nation between the robotic system and the  human counter- 
par t .  As we extend  shared  control of a manipulation 
system to the ful l  range of  capabi l i t ies  afforded by 
the Ar t i f ic ia l  In te l l igence  computer elements, the 
question of  man-machine communication becomes  of primary 
importance.  In any manipulation  task,  the  operator 
must observe the actions o f  the manipulator, make judg- 
ments of the commands necessary t o  perform the t a sk ,  and 
carry out those judgments i n  terms of manipulator 
control.  However, the involvement of the  operator   in  
performing these tasks is  s t rongly affected by the de- 
gree of assistance provided by the  machine in te l l igence  
and by the  ro l e  of the operator as defined by the task 
environment and the  machine capab i l i t i e s .  These 
operator roles in automated underwater manjpulation 
systems can be  subsumed under the generic monitor, 
manager, and maintainer (N3) functions [I]. 
As monitor, the human oversees the operation of 
a la rge ly  autonomous manipulator i n  terms of the health 
of  various  subsystems,  exercising  occasional  override 
when task progress i n  his opinion is unsatisfactory.  
As manager, the human has a t r u l y  mu1 t i - face ted  ro le .  
These include  goal  setting,  decision-making,  subsystem 
supervision,  data  organization,  system  control and 
contingency hand1 ing. Exactly how burdensome the 
manager r o l e  is depends on the da ta  volume, complexity , 
t ime ava i lab i l i ty  and available information management 
a ids .  I n  the   maintainer   role ,  the human i s  pr imar i ly  
concerned w i t h  ( I )  identifying and diagnosing malfunc- 
tions in various subsystems when breakdown occurs and 
performing both preventive and corrective maintenance, 
and (2) handling contingencies, where the human plays 
two  key functions.  The f i r s t  i s  t o  a n t i c i p a t e  t h e  
occurrence o f  abnormal s i t ua t ions .  The second i s  t o  
cope w i t h  malfunctions  once  they have occurred. In 
e i ther  case ,  the  human has t o  understand, develop and/ 
o r  implement containment measures t o  circumvent poten- 
t i a l  problems associated with the malfunction or un- 
expected  si tuation. Dynamic replanning on the par t  of 
the  human plays a major pa r t  under these circumstances. 
The multi-faceted role of t he  human operator 
w i t h i n  the  generic  M3 functions forms ithe bas i s  fo r  
i d e n t i f y i n g  c r i t i c a l  man-machine in t e r f ace  problems 
in underwater manipulation. In order to tailor and 
communicate re levant  s ta tus ,  sensory ,  and operational 
information to the human operator in each of his 
capac i t i e s  ( i  .e., monitor, manager, maintainer),  the 
in te r face  must provide a d isp lay  (1) giving him timely 
and cognitively-compatible information necessary for 
the manipulator operation, (2) providing h i m  not only 
the information to discriminate the system and task  
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s t a t u s ,  b u t  a lso the information to  ident i fy  specif ic  
functions introduced via the automation of the  manipu- 
la t ion funct ions,  and (3) providing him suff ic ient  cues  
for  re l iab le  in te rpre ta t ion  wi th in  the  contex t  of the  
task and system environment 
To t h i s  end, what i s  needed i s  t o  provide  "machine 
in te l l igence ' '  in  the  in te r face  to  cope w i t h  environ- 
mental uncer ta in t ies  and yet inevitable information 
de luge ,  to  e f fec t ive ly  manage information exchange 
between the operator and the systems, thereby maximiz- 
i n g  the joint  perfomance of  the two. This  pressing 
need provides the impetus for the development  of an 
" in t e l l i gen t  i n t e r f ace"  (12) .  
I n t e l l i gen t  In t e r f ace  
As noted above, the purpose of the I2 i s  t o  
maximize operator-manipulator performance f o r  a given 
degree of  machine in te l l igence  and a given level of 
operator  capabi l i ty .  To this end,  the  design  goals of 
the I 2  are  to:  
1. 
2 .  
3.  
4. 
5.  
Compensate for  the  lack  of commonality i n  
the operator and the manipulator system world 
model s. 
Opportunis t ical ly  select  the communication 
media,  language and information  "chunking" 
fo r  ease  of assimilation on the  par t  of t he  
operator.  
Simplify and enhance the  opera tor ' s  command 
and query f a c i l i t y .  
Transform and sequence presented information 
t o  meet the expectations and f i t  within the 
cogni t ive constraints  of the operator. 
Simplify task-related knowledge base management 
and information retrieval.  
The complexity of the  I 2  design i s  t o  a la rge  
extent determined by  how complex the task i s  and how 
"intel l igent"   the  manipulator  i s .  From a manager's 
viewpoint, the "smarter" the robotic manipulator and 
the  more  complex the decision environment, the richer 
i s  the repertoire  of possible decision options the 
operator  is   faced w i t h .  I n  t h i s  s i t u a t i o n ,  t h e  i n t e l l i -  
gent interface can aid the operator  by communicating 
the  system s t a tus  ( i . e . ,  cu r ren t  subgozl , selected 
option) when expected a t  t h e  r i g h t  l e v e l  f o r  t h e  
operator. From a maintainer's  viewpoint, the  more 
complex the automation, the greater the number  of 
possible system malfunctions.  This, i n  turn, implies 
grea te r  demands on the  comprehens ib i l i ty  ( t rac tab i l i ty )  
and explanatory capabili ty of the in te r face ,  espec ia l ly  
in  c lear ly  comunicat ing ongoing ac t iv i t i e s ,  exp la in ing  
possible malfunctions and providing guidance in perform- 
i n g  recovery/checkout  procedures. From a monitor's 
viewpoint, the more burdened the operator ,  the more 
c r i t i ca l  a re  the  var ious  aspec ts  of feedback information 
(e .g . ,  when t o  summarize information, what format i s  
appropriate,  what modal i t y ,  what order). 
A generic  archi tecture  of  an I 2  design is  shown 
in  Figure 1. O n  the  human s ide  of the  ledger,  high- 
level cornmands/queries a re  decomposed by the I2 inter-  
pi-eter into primitive instructions directly executable 
by the  machine during the situation assessment and 
planning/replanning  cycle. On t he  system s ide  of the  
ledger,  information of various  types (e.g.. sensor data,  
status  update,  plans,  contingencies,  malfunction 
alarms, responses to operator queries) from various 
automated functions such as preview data collection, 
si tuation assessment,  and planning are presented t o  the 
operator in the proper sequence a t  a su i  tab le  1 evel of 
abs t rac t ion  and via the appropriate modality. 
Y 
Figure 1. Design Architecture 
f o r  a n  In t e l l i gen t  In t e r f ace  
The  key func t iona l  f ea tu re s  tha t  can  f ac i l i t a t e  
timely and cognitively-compatible information portrayal 
f o r  the above process are: 
1. Information Management Aids. In any of the  
M3 ro les ,  the  opera tor  i s  the  rec ip ien t  of various 
forms  of information sensed and/or generated by the  
automated  system.  This  information  can  range from 
various forms  of situational/environmental inputs  to  
internal  status  messages. This can create   operator  
overload. To compound the  problem,  both the incoming 
and internally generated information may sometimes be 
redundant  or  irrelevant.  In t h i s  s e t  of circumstances, 
embedded models of the  human operator could be used t o  
s e l e c t i v e l y  f i l t e r ,  p r i o r i t i z e  [2], summarize  and pace 
[3, 41 information  presentation, The  main purpose of 
these  a ids  i s  to  reduce  opera tor  burden by optimizing 
the relevance and presentation sequence of external and 
system  generated  information. 
2.  Tailored  Status  Presentation.  Cognitive 
cumpatibil i ty of information presentation can be 
achieved by: (1) employing multi-modality,  multi- 
mode and multi-level information presentation, and 
(2) minimizing mismatch  between the  ope ra to r ' s  mental 
model and the robotic system's world model. 
Multi-modal i t y  feedback within the 12 framework 
i s  geared to distributing feedback information among 
the various sensory channels (i .e. ,  visual,  auditory 
and t ac t i c l e  moda l i t i e s )  such t h a t  no single modality 
i s  over-stressed and cverall  channel  capacity i s  
optimized. Multi-mode feedback  refers  to  personalization 
of feedback, i .e. ,  textual,  graphic or voice comuni- 
cation based on operator preference, information type 
and s i tua t iona l  demands. Mu1 ti-level feedback imp1 i e s  
information a t  var ious  levels  of abs t rac t ion   to :  (1) 
cope  with s i t ua t iona l  demands  and time s t r e s s ,  and 
( 2 )  adapt to users of var ious t ra ining and  exper t i se  
1 evel s . 
A major  pl;rpose Of t he  I 2  is t o  bridge the "gap" 
between the world model  of the operator  and t h a t  of the 
automated  system. The degree  to which  each has a 
reasonable model of the o ther ' s  goa ls  and behavior will 
determine the degree t o  which the  two can successfully 
cooperate i n  a task.  A t  a  minimum, the human ca r r i e s  
a degree of understanding o f  the  capabi l i t i es  and l imi- 
t a t ions  of t he  automated  system.  In  addition,  the 
human ope ra to r ' s  mental model may typically contain a 
miscellany of l o re  and experiences including a s e l f -  
updating  history  of  the  system. The world model of 
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the  robot ic  counterpar t  is  designed by t h e  computer 
software engineer with specific views on system func- 
t ions,   operat ions and overall  behavior.  In  order  to 
successfully cooperate on  a t a sk ,  both the system and 
i ts  human counterpart  should carry an implicit  or expli-  
c i t  model of the expected behavior of the other. 
3. High-Level Command and Query Language Fac i l i t y .  
I t   i s  a generally accepted :principle that users of com- 
puter systems should not be required to  communicate 
w i t h  t he  system a t  a level  of  detai l  that  requires  s igni-  
ficant  understanding  of  the  system.  That  is,  the  system 
should be t ransparent   to   the  user, High-level  task- 
spec i f i c  command and query languages are typically con- 
s t ruc ted  to  a l low the operator to comunicate with the 
system a t  a level of abstraction convenient to the 
operator.  Task representation models  based on proce- 
dural nets [SI and extended  Petri  nets [ 6 ]  have  been 
successfully used to  h i e ra rch ica l ly  decompose high- 
level command elements that can be executed by the  
robotic system. 
4. Explanation  Facility.  Explanation  capability 
is  necessary for two  main reasons: f i r s t ,  t o  respond t o  
context-specific queries on the  pa r t  of the operator ;  
second, t o  keep the operator  or iented within the overal l  
task execut ion cycle ,  or  to  keep the operator i n  t rack  
w i t h  t he  s t r a t egy  o r  d i r ec t ion  o f  the automated system. 
The l a t t e r  r a t iona le  i s  e spec ia l ly  impor t an t  i f  the  
problem-solving style employed by the system i s  s i g n i f i -  
can t ly  d i f f e ren t  from t h a t  of i t s  human counterpart  i n  
the course o f  cooperative problem-solving. 
5. Adaptive Task Allocation. Here an  adaptive 
function allocation approach is proposed i n  which e i t h e r  
t he  computer o r  the operator may perform a given function 
based on the  ava i l ab i l i t y  of information and opportunity 
t o  perform the tasks  [7]. Dynamic task  allocation  has 
several  potential  advantages. First, i t  ensures a  more 
f a u l t  t o l e r a n t  setup i n  the event of system malfunction 
o r  f a i lu re .  Second,  dynamically  allocating  tasks w i t h  
s ens i t i v i ty  to  ope ra to r  workload allows for maintaining 
a  more e f f ec t ive  and cons is ten t  workload level.  Third,  
a  more e f f e c t i v e  u t i l i z a t i o n  of system resourcesjopera- 
t o r  capac i t i e s  becomes possible w i t h  po ten t ia l  for  
improved operator task performance. 
6. Task  Performance  Monitoring  and  Contingency 
Handling.  Monitoring  of  task  performance i s  important 
from two viewpoints: (1) t o  keeo the  ooera tor  aowised  
of where the system i s - i n  i t s  t a s k  execution cycle, and 
( 2 )  t o  be ab le  to  a s ses s  and loca l i ze  system malfunctions. 
Contingency handling capability based on  a task monitor- 
ing model [ 6 ]  w i t h i n  the overall I2 framework  can allow 
the  system to  oppor tun i s t i ca l ly  communicate system mal- 
functions or contingencies a t  l e v e l s  s p e c i f i c  t o  t h e  
malfunction and along 1 ines comprehensible t o  the 
operator.  
7 .  Embedded Defaul t/Reflex  Responses.  Incorpora- 
t ion  of default  ( i .e. ,  "hard-wired" or reflex) responses 
in  the interface has  two  main advantages. First, search 
time can be minimized thus freeing the combined 
resources/capaci t ies  for  more important functions. 
Second, t he  r epea tab i l i t y ,  and consequently, the r e l i a -  
b i l i t y  of such responses i n  s imi la r  s i tua t ions  a l lows  
the operator to develop a  good feel f o r  s i t u a t i o n s  t h a t  
"trigger"  these  responses.  This is par t icular ly   useful  
in contingency handling or recovery-from-error situations. 
To i l l u s t r a t e  the design and implementation of the 
12 concept in underwater manipulation, an example of a 
l i n k  between AI and a mechanical manipulator i s  d i scussed  
i n  this section. In t h i s  development, a hierarchical 
model based on the concept of procedural nets [8, 91 was 
developed to represent the planning process of  manipu- 
l a t o r  a c t i o n .  The model  was adapted to  represent  the 
man-machine communication process as a step i n  t h i s  
planning  process.  In this appl ica t ion ,   the  human 
operator develops the global task into a plan a t  some 
intermediate level of de t a i l  which he then communicates 
t o  t h e  computer. The computer develops  the  plan further 
to  the  l eve l  of detai l  necessary for  control l ing the 
manipulator via position and force-sensor feedback. 
The language developed from this model i s  h ie rarch ica l  
and task-oriented allowing close cooperation between 
man and  machine with a  mixed in i t i a t ive  con t ro l  a l loca -  
t ion protocol.  
Based  on the communication model developed and the  
r e s u l t s  of previous experiments, a shared man-computer 
communication  and control language was developed t h a t  
allowed the operator to specify manipulator movement i n  
global,  whole-task  terms.  This command language was 
designed to  include the capabi l i ty  of allowing the 
operator  to  def ine a sequence of actions a t  mu1 t i p l e  
1 eve1 s and reca l l  the sequence w i t h  a s ing le  command 
s t r ing .   Spec i f ica l ly ,  the command language  consisted 
of two major elements : symbolic and analogic commands. 
The symbolic commands cons i s t  of  two categories of 
commands: Primitive and Variable. The Primitive 
commands include the conceptual  unitary  motions.  For 
the tasks  used in  our  s tudies ,  the fol lowing Primit ive 
commands were used: 
FORWARD/BACKWARD 
GRASP/RELEASE 
ROTATE CLOCKWISE/COUNTERCLOCKWISE 
MANUAL 
The Variable category of commands a r e  t h e  user- 
defined commands which provide the capabi l i ty  to  
construct   task  specif ic  commands. These Variable 
comands include: 
POINT - moves the manipulator to a previously 
recorded position. 
PATH - moves the manipulator along a previously 
recorded trajectory.  
REVERSE PATH - moves the manipulator along a 
path from end t o  beginning. 
CHAIN - moves the manipulator according t o  a 
recorded sequence of Primitive and Variable 
commands (including other CHAINS). 
The CHAIN  command permits the operator  to  aggre-  
gate several unitary manipulator motions together into 
a s ing le  complex motion, thus commanding tasks  which 
a re  h igher  i n  the hierarchy of tasks. The command 
construct  is  s t ra ightforward and easy t o  use, a s  i t  can 
be described by the following rules:  
Chain := 
Command := 
Analogic := 
Symbolic := 
Switch := 
Fixed := 
Variable : = 
Path := 
Point := 
MANIPULATION := {CommandlChain} 
CHAIN ID + {ComandIChainl 
Symbolic I Anal ogic ' 
ROTATES I FORWARD I BACKWARD] GRASP 
Point I Path 
PATH ID + {PathlPoint + Path1 
POINT  ID + {Spatial  posit ion} 
The rules  read: "A manipulation  consists of a 
group  of s ing le  command or chain.  A chain consists of 
chain declaration followed by a group of single command 
or chain. A s ing le  command i s  e i t h e r  symbolic o r  
analogic," and so on. This SMC3 language was  implemen- 
ted  i n  Interdata 70 minicomputer assembly language. 
20K  memory words were used in  the current system. 
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A prototype te leoperator  command and control 
system has been developed to  inves t iga t e  the  e f f ec t s  
of computer aiding on t h e  a b i l i t y  of trained operators 
t o  perform  selected  teleoperator  tasks.  The f a c i l i t y  
contains a seven degree-of-freedom, electronically 
controlled and  hydraulically powered, servo manipulator, 
an Interdata minicomputer, and man-machine in te r face .  
The  man-machine interface includes a n  integrated control 
and display console, a shared man-computer communication/ 
control language for manipulation, and visual and force  
sensing devices. 
Figure 2 shows a drawing of the  te leopera tor  
control /display s ta t ion consis t ing of the dedicated 
command keyboard  and two three-degree-of-freedom, rate 
control ,   se l f -center ing  joyst icks .  A 9"  CRT display 
was used to provide alphanumeric messages concerning the 
condition of the system, the keyboard inputs, and the 
commands in  the  execution  queue. A 2-view black and 
white TV viewing system was placed i n  f r o n t  of t he  
control  panel. Two video  cameras were placed  approxi- 
mately a t  a 90" or ien ta t ion  i n  the  work space to provide 
two d i s t i n c t  views on the  video  monitors.  This  control 
console was placed in a room adjacent to the manipulator 
t a s k  room to provide the simulation of  remote control 
and a n  indirect  viewing s i tuat ion.  
Figure 2 .  I ControljDisplay  Station 
f o r  Remote Manipulation 
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A s e t  of experiments was performed to  s tudy  the  
e f f e c t  of automation on three   l eve ls :   l ex ica l   (cont ro l  
and  programming), syntac t ic  (command mix), and semantic 
(command organization) : 
1. Control and  Programming i s  t h e  e f f e c t  of t he  
basic  teleoperation  aiding  functions.  The  two 
dimensions  considered  were (1) augmented 
( se r i a l  ) computer cont ro l ,  and (2) traded 
(para1 le1 ) computer control.  The 1 evels of the  
f i r s t  dimension  were (a )  ind iv idua l  jo in t  
ra te-control   (Direct) ,  and (b)  resolved-motion 
rate-control (RMC).  The l eve l s  of the  second 
dimension were ( a )  manual con t ro l ,  and ( b )  auto- 
matic motion control ( A M C ) ,  where the operator  
could call on  a predefined point and path via 
symbolic,  push-button  control. 
2 .  Command Mix i s  t h e  e f f e c t  of  the command s t ruc -  
tur ing,  i .e . ,  the  sequencing and grouping of 
t he  commands including point, path, and f ixed  
primitives i n  sentence  structure.   This  level 
represents a mixing of symbolic/analog comands 
and se r i a l /pa ra l l e l  computer aiding. The 
l eve l s  of t h i s  dimension  were ( a )  Fixed commands, 
where the operator could call  on symbol i c  
pr imit ives  in  manual sequence, and (b) Variable 
commands, in which the language provided a 
f ac i l i t y  t o  de f ine  in  r ea l  t ime  va r i ab le  
commands as groups of  mixed symbolic or analogic 
primitives.  
3. Command Organization i s  the  e f f ec t  of the  
higher  level of command s t ruc ture ,  i . e . ,  the  cha in- in-  
the-chain function of the  command and appropriate 
manual check-point  for  higher  level  task-oriented 
commands.  The l eve l s  of this dimension  were ( a )  Fixed 
commands and (b) Chained commands, in which the  
language provided a f a c i l i t y  t o  d e f i n e  m u l t i p l e  l e v e l s  
of chains of lower 1 eve1 commands. 
Table 1 presents the comparative results of time 
performance improvement for various comand/control 
modes based on execution  time  ratios. As can be seen, 
performance ra t ios  vary  s igni f icant ly  among control/  
command modes, task types and environmental conditions. 
The f i r s t  noteworthy observation is  that  high-level  
chain commands with a complete s e t  of language features 
showed the highest improvement in task execution, 
especially  under  deqraded  viewing  conditions. However, 
as expected, the degree of improvement varies with 
task type. 
Table 1. Performance Time Ratios 
f o r  a Simulated Maintenance Task 
I COMMAND MODES ! PERFORMANCE TIME  RATIOS I 
I RMC/Di r e c t  ! I 0,91* I 
I (AMC+RMC)/RMC I 0.98 I 
1 Variable/Fixed 0.95 
I Chained/Fixed 
I (Noma1  Viewing) 0.44** 
1 
Chained/Fixed 
0.40** (Degraded 
! 
I 
* 
** p < 0.05 
p 0.005 
Another issue of major concern i s  t o  provide 
proper feedback to  the operator  under  different  auto-  
mation l e v e l s ,  i . e . ,  t h e  machine s t a t e  and environment 
(workspace)  feedback  requirements. The formal  require- 
ments are derived from t h e  f a c t  t h a t  the symbolic 
command language a l te rs  the  cogni t ive  load  and task 
requirements of the  human operator.  Much of the  new 
requirements involve operator-system communication in  
multi-mode supervisory control where the operator  
(I) s e l e c t s  and confirms available computer-assisted 
functions,  ( 2 )  determines which control mode i s  i n  
fo rce ,  and (3) monitors the progress of automated 
routines.  The la t ter   requirements   are  due t o  t h e  
dominant underwater environmental f ac to r s  such a s  
sediment ,  turbid water ,  fa i lure  of  external  l ight ing,  
or poor angle of view,  which of ten  resu l t  in  poor 
v i s ib i l i t y  cond i t ions .  One suggested means t o  compen- 
s a t e  f o r  poor v i s ib i l i t y  i s  t o  s e l ec t ive ly  au tomate  
some of the  manipulator  motions  or  procedures. Such 
preprogrammed computer cont ro ls ,  once i n i t i a t e d ,  can 
proceed i n  an "orderly" fashion. 
A second s e t  of experiments was therefore per- 
formed to  s tudy  the  multi-mode visual feedback perfor- 
mance via an  advanced display/control console equipped 
with 3D-stick-figure graphics, 2-view black-and-white 
TV viewing  system, and 9"  state-feedback  monitor. The 
var iab les  of interest  included: 
1. Machine stace  feedback  level. 
a .  Gross s ta te  feedback--  display of cur ren t  
command only. 
IC9 
b. Detailed state feedback-- display of a queue 
l i s t  of commands and current command (SF).  
2. V i s ib i l i t y .  
a.  Normal viewing-- normal illumination and 
b .  Degraded ( D E G )  viewing-- low il lumination 
contrast .  
and contrast .  
3.  Display  type. 
a.  Alphanumeric--  detailed  display of  commands 
b. Stick-figure 30 graphic. 
c. TV video--  single-view (1 view) o r  two- 
and task  s ta tus .  
view TV. 
The purpose of the experiment was t o  determine 
the appropriate level and type of p ic tor ia l  d i sp lay  t o  
be used i n  automated  manipulation. The r e s u l t s ,  shown 
in  Table 2 ,  were  grouped in to  two categories:  the 
control/definit ion phase,  where the operator was mostly 
in the control loop, and the monitoring/execution phase, 
where the operator was mostly in the supervision loop, 
with b u t  occasional   control   act ivi t ies ,  In general ,  
performance was more sens i t i ve  t o :  feedback  conditions 
i n  the control phase than in the monitoring phase, and 
t o  feedback level t h a n  t o  feedback format within the 
ranges of var ia t ion made during the s tudies .  Detai ls  
of this study are described i n  Chu,  Madni, and Freedy 
[SI. 
Table 2 .  Performance Time Ratios 
f o r  t h e  Experimental  Tasks 
PERFORMANCE TIME RATIOS 
FEEDBACK MODE CONTROL/ MONITORING/ 
DEFINITION TASKS EXECUTION TASKS 
Z-View/DEG 2-View 0.85* 
(2-View+ SF)/Z-View 
0.85* --- 1-View/DEG 1-View 
0.91 0.93 
I 3D Graphic/l-View I 0.86 0.97 I 
SF/1-View 
p c 0.05 
--- 1 .oo 
* 
Overall, the greatest advantages of computer-aiding 
seem to occur i n  s i tua t ions  in  which the input/feedback 
a r e  degraded due t o  low f i d e l i t y  of work-space repre- 
sentation or occluded  environment.  These  hdvantages  can 
be real ized by improving man-to-machine communication 
and/or machine-to-man communication. Also, the extensive 
research in manual control demonstrates that the more 
able the subject is in  predict ing future  course of event/ 
t ra jec tory ,  the  more e f f i c i e n t  is  his control.  The data 
collected i n  this study can  well explain and generalize 
th i s  n red ic t ive  e f f ec t  on performance, I t  appears  that 
the TOSC language  helped  the  subject t o  specify the 
general  structure and organization of his  knowledge about 
complex manipulation tasks i n  which plans for  the future  
in t e rac t  w i t h  the evo lv ing  s t a t e  of the process and i t s  
control  requirements.  Better  performances can  then be 
attr ibuted not only t o  control automation, b u t  a l so  to  the  
e f f i c i e n t  and confident p l a n n i n g  processes embodied in 
t h b  use of the command language. 
Conclusions 
This paper has presented an i n t e l l i g e n t  human- 
machine in te r face  for  e f fec t ive  management  and control 
of underwater  manipulator  tasks. I t  has been suggested 
t h a t  the underwater manipulation poses great demands on 
the human operator primarily because of the poor v i s i -  
b i l i t y  and the unpredictabi l i ty  of the environment. 
The in t e l l i gen t  i n t e r f ace  has been suggested as a means 
for both  enhancing the operator-manipulator performance 
and for reducing overall workload and e f for t  the  opera tor  
puts o u t .  An i l l u s t r a t i v e  example  of an I2 i s  presented 
in the form  of a high-level operator-oriented command 
language. In experimental  studies  performed by the 
au thors ,  th i s  facul ty  was found t o  both increase overall  
manipulation performance and decrease operator errors.  
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